OBJECTIVE: To investigate the effects of hormone replacement therapy (HRT) and social stress on body fat distribution in an animal model of women's health, the female cynomolgus macaque (Macaca fascicularis). DESIGNaSUBJECTS: Adult female cynomolgus monkeys were ovariectomized and fed an atherogenic diet for two years while housed in social groups of 3 ± 8 monkeys each. Animals were then fed a lipid-lowering diet and randomized into four experimental groups: a baseline group which was necropsied immediately and not included in the study reported here, 26 females fed diet only (CONTROL), 22 females fed diet plus conjugated equine estrogens (CEE), and 21 females fed the diet plus CEE and medroxyprogesterone acetate (CEE MPA). Treatment lasted 30 months. MEASUREMENTS: During the last nine months of treatment, social status was determined three times at three month intervals. At the end of the study, whole body obesity and fat distribution patterns were determined using anthropometry and computerized tomography (CT). RESULTS: The addition of a progestin to the estrogen replacement regimen administered to surgically postmenopausal monkeys, increased all anthropometric and CT measures of obesity except intra-abdominal fat. HRT had no effect on patterns of fat distribution. Socially-dominant, ovariectomized females were more obese than subordinates using both anthropometric and CT measurements of whole body obesity. Dominant females were more likely to have their fat deposited centrally as measured anthropometrically. However, CT measures revealed a trend for dominants to preferentially deposit fat in the subcutaneous abdominal depot in contrast to subordinates who deposited fat in the intra-abdominal depot. CONCLUSIONS: The results of this study suggest that progestins, when administered in combination with estrogens, may increase fat deposition, particularly in subcutaneous depots. In addition, the social stress experienced by subordinate monkeys, may have mild effects on fat deposition patterns, even after removal of ovarian function as a factor. These observations may have implications for treatment recommendations in postmenopausal women. Lastly, CT may measure different characteristics of fat distribution than skinfolds and circumferences.
Introduction
The loss of ovarian function that occurs at menopause, results in an estrogen-de®cient state which is associated with increased risk of coronary heart disease (CHD), osteoporosis and urogenital atrophy. Hormone replacement therapy (HRT) protects against these disorders.
1 ± 7 Predominant among the complaints of menopausal women are increased emotionality, irritability, dysphoria, impaired memory and an inability to concentrate. 8 ± 12 Hormone replacement ameliorates mood disorders associated with menopause and improves cognitive function. 13 ± 15 While menopausal symptoms and the risk of CHD and osteoporosis appear to decrease with HRT, hormone replacement regimens may also increase the risk of breast cancer. 16, 17 Thus, a comprehensive picture of the positive and negative effects of hormone replacement on health is needed.
Epidemiological studies have shown that accumulation of fat in the abdominal region is independently and signi®cantly associated with increased risk for cardiovascular disease (CVD), diabetes, hypertension and some cancers. 18 ± 22 Indeed, many data suggest that abdominal fat, in particular that accumulated in intra-abdominal depots, is a more important predictor of disease than obesity per se. 18À20Y23À25 Gender differences in fat distribution suggest that sex steroids may in¯uence regional fat deposition. The effects of menopause and HRT on fat deposition patterns and regional adipocyte metabolic characteristics have been studied. The results of some of these studies suggested signi®cant effects of menopause on regional fat deposition 26 ± 30 and metabolism, 31 while others indicated no effect on fat deposition patterns. 32 ± 35 Hormone replacement has been reported to both prevent 27, 36, 37 and have no effect on 26,38 the deleterious fat distribution patterns found in the menopausal women of some studies. The discrepancies in the results may be because other variables known to affect fat distribution (for example, genetic background, age and lifestyle variables, such as smoking and drinking) are in¯uencing the outcomes of some of these studies. 25 Furthermore, in epidemiological studies, those who choose to use or not to use hormone replacement are self-selected populations that may also be different in other ways that affect the outcome of the study. The contradictory nature of the data, coupled with the observation that fat distribution has signi®cant effects on health, suggest that further study of the relationship between menopause, hormone replacement and fat distribution, is needed.
The use of an appropriate animal model in a randomized trial would overcome some of these dif®culties. Female cynomolgus monkeys (Macaca fascicularis) appear to be a good model because loss of ovarian function increases coronary artery atherosclerosis (CAA), coronary vasoconstriction, bone loss and urogenital atrophy, and hormone replacement ameliorates these deleterious effects. 39 ± 44 In this model, hormone replacement is also associated with pre-neoplastic histopathological changes in mammary tissue. 45 Furthermore, truncal fat distribution is associated with increased CAA, increased carotid atherosclerosis and hyperinsulinaemia. 46 ± 48 Also like women, behavioural factors have been linked to fat distribution patterns in this species. Speci®cally, social subordination stress is associated with truncal fat distribution. 48 Interestingly, socially subordinate female monkeys are hypercortisolaemic 49 and there is some evidence that glucocorticoids may be involved in the physiological pathway linking stress and fat deposition patterns, 50 ± 53 suggesting a possible mechanistic link between mental status and patterns of fat distribution.
These characteristics of the female cynomolgus monkey, provide an appropriate animal model for investigations of the determinants of body fat distribution. We report here the effects of HRT and social status on patterns of fat deposition in surgically postmenopausal cynomolgus monkeys.
Methods

Subjects and experimental design
Animals used in this investigation were part of an experiment undertaken to de®ne the arterial sequelae of lipid-lowering therapy in surgically postmenopausal monkeys. The speci®cs of the experiment are described elsewhere. 54 All procedures performed on live animals were reviewed and approved by the Wake Forest University Animal Care and Use Committee. Feral adult female cynomolgus monkeys (Macaca fascicularis), ranging in age from 5 ± 13 y, as estimated from dentition, were imported from Indonesia (Charles River Primates, Port Washington, NY). Females in this age range are reproductively mature adults still several years away from natural menopause. Animals were ovariectomized and fed an atherogenic diet for two years while housed in social groups of 3 ± 8 monkeys each. At the end of the two years, all animals were switched to a lipid-lowering diet and randomized into four groups: a baseline group which was necropsied immediately and not included in the study reported here, a group fed lipid-lowering diet only (CONTROL), a group fed lipid-lowering diet plus conjugated equine estrogens (CEE) and a group fed the lipid-lowering diet plus CEE and 0.1643 mgakg body weight (BW)ad of medroxyprogesterone acetate (CEE MPA). Treatment lasted 30 months. For 8 months of the 30 month treatment period, the monkeys in the CEE and CEE MPA groups received 0.0018 mgakg BWad of conjugated equine estrogens (Premarin 1 , WyethAyerst, Philadelphia, PA) daily. During the last 22 months of the 30 month period, these monkeys received 0.042 mgakg BWad of Premarin 1 daily, which is equivalent to women receiving a dose of 0.625 mgad.
Compositions of the atherogenic and lipid-lowering diets are provided in Table 1 . Dietary intake was not monitored; however, the amount of diet fed (100 g dietakg BW) was calculated to exceed each animal's average daily requirement by 10%, essentially resulting in ad libitum access to food.
During the treatment period, 14 animals died from trauma or gastrointestinal disorders, which resulted in 69 monkeys (Control: n 26; CEE: n 22; CEE MPA: n 21) available for analysis at the end of the study. 
Adiposity
Anthropometric measurements. Anthropometric measurements were performed as described in Jayo et al. 55 In addition, mid-scapular (measured midway between and one cm caudal to the apex of the scapulae) skinfold thickness was collected. Ratios were calculated to obtain indices of regional fat distribution. Body mass index (BMI) was estimated as the ratio of BW (in kg) to the square of trunk length (m) from the suprasternal notch to the pubic symphysis. All measurements were performed once at the end of treatment and within a month of computerized tomography (CT) assessment.
CT. Assessment of fat distribution using CT was performed once at the end of treatment, as validated and described previously. 55, 56 Brie¯y, animals were sedated with ketamine hydrochloride (10 mgakg BW, intramuscular) and acepromazine maleate (0.1 mgakg BW, intramuscular) and a single scan was performed at the level of the umbilicus. Using a General Electric CT software package and a density range of 7140 to 740 Houns®eld units to identify fat, 55 total abdominal fat was quanti®ed using the body margin as the outermost limit. Intra-abdominal fat was identi®ed as that lying within the margin of the transversus abdominis muscle. Subcutaneous abdominal fat was calculated by subtracting the intra-abdominal fat from the total abdominal fat. Ratios were then calculated to obtain indices of regional adipose tissue distribution (intra-abdominal : total abdominal, subcutaneous abdominal : total abdominal, and intra-abdominal : -subcutaneous abdominal fat ratios).
Social status
Social status refers to an individual's ability to defeat other members of its social group in agonistic or competitive interactions, and is determined by recording the outcomes of aggressive interactions between cage mates. During the last nine months of treatment, social status was determined three times at three month intervals. The animal in each social group that defeated all other group members was designated the ®rst-ranking monkey. The animal that defeated all but the ®rst-ranking monkey was designated the second-ranking monkey, and so forth. Animals that defeated the majority of others in their social group were considered dominant. Animals that were defeated by the majority of others in their social group were considered subordinate. As observed in previous experiments, the resulting social status hierarchies for each social group were stable over time. 57 For analysis, each ranking was corrected for group size so that they varied from 0 ± 1, and averaged over the experimental period. Animals with scores that fell above the median (0.50) were considered dominant (DOM; n 29), and the others were considered subordinate (SUB; n 40).
Analyses
Natural logarithmic transformation was done to reduce skewness and equalize variances. The effects of social status on whole body and regional adiposity were determined using a 2SUBY DOMÂ3CONTROLY CEEY CEEMPA analysis of variance (ANOVA). There were no interactive effects of social status and HRT on any of the measures of adiposity. Since animals were randomized initially to HRT groups, signi®cant pretreatment predictors used as covariates in analyses of covariance (ANCOVA) to control for individual variability, result in more precise assessments of the effects of hormone treatment. BW was the only measure of adiposity collected prior to treatment and it was a signi®cant predictor of subsequent adiposity measures. Thus, HRT effects were determined using pre-treatment BW as a baseline covariate in 2Â3 ANCOVA. Post-hoc analysis of data was performed by multiple paired comparison tests with Bonferroniadjusted signi®cance levels. Unless otherwise indicated, all data presented are untransformed values in the original units derived from the mean and standard error (s.e.m.) for the mean of the transformed distribution. Values for overall and standard error of the mean F tests and associated P values are given in tables and ®gures; P values from post-hoc tests are given in superscripts of tables and ®gures.
Results
There were no interactive effects of HRT and social status on any of the measures of adiposity. (Untransformed means ( a 7 s.e.m.) of all measurements collected are shown in Table 2 (HRT) and Table 3 (social status).)
Effects of HRT on anthropometric and CT measurements of whole body and regional adiposity
The effects of HRT on anthropometric and CT measurements of body fat, are shown in Table 4 , Figure 1 and Figure 2 . Signi®cant differences in BW and BMI were found between treatment groups. Post-hoc comparisons showed that monkeys treated with CEE MPA weighed signi®cantly more than monkeys in the CEE group. BMI was similarly affected; monkeys treated with CEE MPA had a greater BMI compared to monkeys treated with CEE alone. There were no signi®cant differences in BW or BMI between CONTROL and CEE, or between CON-TROL and CEE MPA groups, although CEE monkeys tended to weigh less than monkeys in the CONTROL group (P 0.06). Signi®cant differences between treatment groups were also found in most of Body fat distribution in postmenopausal monkeys JM Wallace et al the circumferences and skinfold thicknesses measured. Monkeys treated with CEE MPA had greater thigh, triceps, subscapular and suprailiac skinfold thicknesses, and had larger hip circumferences than monkeys treated with CEE alone. Signi®cant differences between CEE MPA and CONTROL groups were also seen, with CEE MPA monkeys having greater thigh, subscapular and suprailiac skinfold thicknesses than CONTROL monkeys. There were no signi®cant differences between CONTROL and CEE groups in any of the skinfold or circumference measurements collected. Interestingly, when using ratios of anthropometric measurements to describe regional fat distribution, no signi®cant differences were seen between any of the treatment groups. A single exception was the midscapular : thigh skinfold ratio which was signi®cantly lower in the CEE MPA group compared to the group treated with CEE alone.
While HRT did not appear to affect the amount of total abdominal fat or intra-abdominal fat as measured using CT, a signi®cant difference was seen in the amount of fat deposited subcutaneously in the abdominal region. Speci®cally, monkeys in the CEE MPA group deposited more of their abdominal fat in subcutaneous depots than did monkeys receiving CEE alone ( Figure 1 ). The preference of CEE MPA monkeys to deposit fat subcutaneously is re¯ected further in greater subcutaneous abdominal : total abdominal fat ratios (Figure 2a) , and smaller intraabdominal : total abdominal (Figure 2b ) and intraabdominal : subcutaneous abdominal fat ratios ( Figure  2c ), relative to monkeys in either CONTROL or CEE groups. There were no differences between CON-TROL and CEE groups in any of the CT measures of abdominal fat. The effects of social status on measurements of body fat are shown in Table 5 , Figure 3 and Figure 4 . Dominant monkeys, irrespective of their treatment group, weighed more than subordinate monkeys. There was no difference in BMI due to a signi®cantly longer body length in dominant animals (F 5.35, P 0.02). Dominant monkeys were more obese than subordinates, as indicated by signi®cant increases in nearly all of the skinfolds and circumferences measured (Table 5 ). The only measurement that was not greater in dominants than subordinates was the triceps skinfold.
Ratios using anthropometric measurements, indicated that dominant monkeys had more of their fat distributed centrally. Speci®cally, dominant monkeys had higher suprailiac : triceps and midscapular : triceps skinfold ratios and greater waist-to-hip circumference ratios (WHR, Figure 3) . No signi®cant differences between dominants and subordinates were found in subscapular : triceps, subscapular : thigh, suprailiac : thigh and midscapular : thigh skinfold ratios.
Social status affected CT measurements of adiposity similarly; dominant monkeys had more abdominal fat (total abdominal fat), resulting from increases in both intra-abdominal and subcutaneous abdominal depots (Figure 4) . A tendency for dominant animals to deposit more of their abdominal fat subcutaneously was re¯ected in a slight, but nonsigni®cant increase in the subcutaneous abdominal : total abdominal fat ratio (Table 5) .
Discussion
Menopause, characterized by the loss of ovarian function and an estrogen-de®cient state, is associated with increased risk of CVD and other disorders. HRT has been shown to protect against many of these disorders. 1 ± 6 The mechanisms responsible for this protection are currently under investigation, but appear to be mediated by sex steroids, in particular, estrogen. Abdominal accumulation of fat is independently and signi®cantly associated with increased morbidity and mortality in men and women. 18,20,21,23 ± 25,58 The striking gender differences seen in fat distribution suggest that sex steroids Figure 1 Mean AE SEM of the effects of hormone replacement therapy (HRT, CONTROL ovariectomized controls; CEE conjugated equine estrogens; CEE MPA CEE medroxyprogesterone acetate) on computerized tomography (CT) measurement of subcutaneous abdominal fat F 3.20; P 0.05 in ANCOVA with baseline body weight (BW) as covariate. Post-hoc tests revealed a signi®cant difference between CEE MPA and CEE groups (P`0.05).
Body fat distribution in postmenopausal monkeys JM Wallace et al in¯uence regional fat deposition. Indeed, there is strong evidence that female hormones result in the preferential accumulation of fat in peripheral depots. 31, 59 Conversely, central accumulation of fat is associated with a more androgenic hormone pro®le, including increased free testosterone and decreased sex hormone binding globulin concentrations. 60 ± 64 These ®ndings have led many to hypothesize that the hormone de®cient state, associated with menopause, promotes a deleterious fat distribution pattern. Presumably, the administration of exogenous steroid hormones would prevent the central accumulation of fat and eliminate any independent contribution of fat distribution on increased morbidity and mortality. Studies investigating the effects of menopause on body fat distribution in human populations have yielded confusing and often con¯icting results. Many report an association between menopause and fat accumulation in abdominal regions, 26 ± 30 while others report no effect. 32 ± 35 Fewer studies investigating the effects of HRT on fat distribution have been undertaken and the results are also equivocal. Speci®cally, in those studies where an effect of menopause was observed, HRT has been shown to prevent 27, 36 and have no effect 26, 37, 38 on the central accumulation of fat. The confusing nature of the literature is in part due to differences in methods of data collection and analysis. Also confounding interpretation of the data are the recognized hazards of epidemiological studies, including the bias inherent in studies performed on self-selected populations. The female cynomolgus monkey, an established model of diet-induced CAA, offers the unique opportunity to examine the relationships between steroid hormones and body fat distribution while controlling for some of the confounding variables present in some studies of human subjects. While ovariectomy is an imperfect model of natural menopause, it remains the best suitable model available for study.
Unfortunately, in this experiment, anthropometric and CT data were not collected prior to ovariectomy, so it was not possible to determine the effects of surgically-induced menopause on body fat distribution. However, the effects of HRT were able to be determined. In ovariectomized monkeys, 30 months of treatment with conjugated equine estrogens had no signi®cant effect on any of the measures of regional or whole body obesity (as compared to untreated controls). In contrast, when a progestin (MPA) was administered in combination with estrogen, nearly all of the anthropometric and CT measurements collected were increased compared to ovariectomized control monkeys or monkeys treated with estrogen alone. In addition, the administration of MPA, in combination with estrogen, resulted in the preferential deposition of abdominal fat in subcutaneous vs intraabdominal depots. These results suggest that progestins may be responsible for increased fat deposition, and that increased fat deposition occurs in subcutaneous depots. In view of this ®nding, it is intriguing to Figure 2 Mean AE s.e.m. of the effects of hormone replacement therapy (HRT, CONTROL ovariectomized controls; CEE conjugated equine estrogens; CEE MPA CEE medroxyprogesterone acetate) on ratios of computerized tomography (CT) measurements of abdominal fat distribution. (a) Subcutaneous abdominal : total abdominal fat. F 6.47; P 0.003 in ANCOVA with baseline body weight (BW) as covariate. Post-hoc tests revealed signi®cant differences between CEE MPA and CONTROL and between CEE MPA and CEE groups (both P's`0.05). (b) Intra-abdominal : total abdominal fat. F 9.47; P `0.001 in ANCOVA with baseline BW as a covariate. Posthoc tests revealed signi®cant differences between CEE MPA and CONTROL, and between CEE MPA and CEE groups (both P 's`0.05). (c) Intra-abdominal : subcutaneous abdominal fat. F 8.04; P `0.001 in ANCOVA with baseline BW as a covariate. Post-hoc tests revealed a signi®cant difference between CEE MPA and CONTROL, and between CEE MPA and CEE groups (both P 's`0.05).
Body fat distribution in postmenopausal monkeys JM Wallace et al note that physiological concentrations of progesterone and other progestins, stimulate the differentiation of 3T3 adipocytes in vitro, while estradiol or testosterone has no effect. 65 Also supporting an association between progestins and fat deposition, is the observation that intravenous infusion of progesterone, induces fat deposition in female rats, despite unchanged food consumption. 66 Comparison of our ®ndings with that observed in women, must be made with caution. In this study, by eliminating the confound of endogenous ovarian hormone production, ovariectomy, allowed for more precise investigation of the effects for CEE and MPA on fat distribution. The results do not reveal what will happen when these hormones (or other estrogens and progestins used in replacement therapy) are introduced into the complex hormonal milieu present in women during the peri-menopausal and menopausal period.
Social stress increases risk of CHD and other diseases in women. 67 Interestingly, several studies have shown that stress and other psychiatric and behavioural problems, are associated with central fat deposition, 68±71 suggesting that a link may exist between the physiological andaor metabolic consequences of stress, the central and in particular, intraabdominal, deposition of fat, and health.
Intact, socially subordinate female cynomolgus monkeys have more extensive CAA than socially dominant monkeys. 39 Social subordination appears to be stressful to female cynomolgus monkeys, based on observations that subordinates receive more aggression, are groomed less, spend more time alone, are hypercortisolaemic and have suppressed reproductive function relative to dominants. 49, 72 Subordinate females are also more likely to have a central pattern of fat distribution as measured using the subscapular : triceps skinfold ratio. 46, 47 This may be due to either suppressed ovarian function or hypercortisolaemia, as both ovarian steroids and Body fat distribution in postmenopausal monkeys JM Wallace et al cortisol have been linked to fat distribution patterns. 31, 50, 51, 53, 59, 73 In the present study of ovariectomized monkeys, dominant females were found to be more obese than subordinate monkeys using both anthropometric and CT measurements of whole body obesity. In addition, skinfold (subscapular : triceps) and circumference (waist : hip) ratios suggest that dominant monkeys were more likely to have their fat deposited centrally. This is opposite of the prior observation in intact females that subordinates have higher subscapular : triceps ratios than dominants. In the current study, the proportion of abdominal fat deposited in the visceral vs the subcutaneous depot was higher, on average, in the subordinates; however, this effect did not reach statistical signi®cance (Table 5 , P 0.11). This trend is consistent with previous reports suggesting that stress may result in increased fat deposition in the intra-abdominal compartment. 25, 51, 55 The fact that anthropometric and CT measures of fat distribution show opposite trends, supports the hypothesis that CT, measures different characteristics of fat distribution than skinfolds and circumferences. 20, 24, 55 It may also be the case that ovariectomy alters the relationship between social status and fat distribution, as indicated by anthropometric measures. Indeed, ovariectomy increases the adrenal secretion of cortisol, 74 and cortisol metabolism is implicated in the relationship between social status and fat distribution.
± 71
Conclusion
In summary, HRT has no effect on patterns of fat distribution in surgically postmenopausal female monkeys. The addition of a progestin to the estrogen replacement regimen increased all anthropometric and CT measures of fatness except intra-abdominal fat, suggesting that progestins increase subcutaneous fat deposition. Socially dominant ovariectomized females were more obese than subordinates using both anthropometric and CT measurements of whole body obesity. Contrary to observations in intact females, dominant females were more likely to have their fat deposited centrally as measured anthropometrically. However, CT measures revealed a trend for subordinates to preferentially deposit fat in the intraabdominal depot and dominants to preferentially deposit fat in the subcutaneous abdominal depot. Thus, social stress may still have mild effects on fat deposition patterns even after removal of ovarian function as a factor.
